Lymphocyte transforming properties of B95-8 strain Epstein-Barr virus (EBV) are very sensitive to inactivation by either UV or X irradiation. No dose of irradiation increases the transforming capacity of EBV. The X-ray dose needed for inactivation of EBV transformation (dose that results in 37% survival, 60,000 rads) is similar to the dose required for inactivation of plaque formation by herpes simplex virus type 1 (Fischer strain). Although herpes simplex virus is more sensitive than EBV to UV irradiation, this difference is most likely due to differences in the kinetics or mechanisms of repair of UV damage to the two viruses. The results lead to the hypothesis that a large part, or perhaps all, of the EBV genome is in some way needed to initiate transformation. The abilities of EBV to stimulate host cell DNA synthesis, to induce nuclear antigen, and to immortalize are inactivated in parallel. All clones of marmoset cells transformed by irradiated virus produce extracellular transforming virus. These findings suggest that the abilities of the virus to transform and to replicate complete progeny are inactivated together. The amounts of UV and X irradiation that inactivate transformation by B95-8 virus are less than the dose needed to inactivate early antigen induction by the nontransforming P3HR-1 strain of EBV. Based on radiobiological inactivation, 10 to 50% of the genome is needed for early antigen induction. Inactivation of early antigen induction is influenced by the cells in which the assay is performed. Inactivation proceeds more rapidly in EBV genome-free cells than in genome carrier Raji or in P3HR-1 converted EBV genome-free cells clone B1. These results indicate that the resident EBV genome participates in the early antigen induction process. Variation in radiobiological killing of B95-8 and P3HR-1 EBV is not attributable to variations in the repair capacities of the cells in which the viruses were assayed, since inactivation of HSV was the same in primary lymphocytes and in all lymphoid cell lines tested. would shed light on major biological differences that exist between two prototype laboratory strains of EBV (20, 22) . Presently available stocks of one strain, P3J-HR-1 (HR-1) from Burkitt lymphoma, do not cause lymphoid cell immortalization. Instead the HR-1 virus causes inhibition of cell DNA synthesis (22) and ultimately cell death in various lymphoid lines. After HR-1 infection, viral DNA is replicated (34) and early viral antigens are induced (12). The B95-8 virus immortalizes primary lymphocytes, but it fails to induce early antigen (EA) or replicate in established EBV genome carrier cell lines such as Raji.
Radiobiological inactivation of DNA tumor viruses provided important early clues to the mechanisms of cell transformation by these agents. For example, before viral mutants conditionally lethal in transformation became available and before cell transformation by DNA fragments was accomplished, radiobiological experiments with polyoma and simian virus 40 indicated that the size of the virus genome needed for transformation was 45 to 65% of that of the genome required for complete viral replication and plaque formation (1, 3, 4) . An increase in transforming potential of simian virus 40 and adeno-simian virus 40 hybrid virus was demonstrated after a low dose of UV exposure (6, 7) .
The ability of herpes simplex viruses (HSV) to transform permissive cells was only manifest after radiobiological inactivation, presumably since lytic effects of the intact viral genome masked the potential of the transforming genes (8) . 51 Inactivation of RNA tumor viruses by UV light or X ray has produced somewhat different results. Although it is now known that the sarc gene is but one of four main genetic regions, radiobiological inactivation experiments showed that, in contrast to DNA viruses, inactivation of replicative functions of Rous sarcoma virus was usually accompanied by impairment of the ability of the virus to induce foci (18, 25) . This finding suggests that other parts of the viral genome participate in the transformation process in some indirect way, perhaps by permitting replication, integration, or transcription of the sarc gene.
Since no Epstein-Barr virus (EBV) mutants are yet available and since lymphoid cell transformation by EBV DNA has not yet been achieved, we undertook radiobiological experiments before undertaking a more detailed genetic analysis of the mechanism of transfornation. We also hoped that such experiments 52 HENDERSON ET AL.
would shed light on major biological differences that exist between two prototype laboratory strains of EBV (20, 22) . Presently available stocks of one strain, P3J-HR-1 (HR-1) from Burkitt lymphoma, do not cause lymphoid cell immortalization. Instead the HR-1 virus causes inhibition of cell DNA synthesis (22) and ultimately cell death in various lymphoid lines. After HR-1 infection, viral DNA is replicated (34) and early viral antigens are induced (12) . The B95-8 virus immortalizes primary lymphocytes, but it fails to induce early antigen (EA) or replicate in established EBV genome carrier cell lines such as Raji.
These radiobiological inactivation experiments were designed to derive information about the relative target sizes of the genes responsible for abortive replication and cell transformation. The strategy involved the use of HSV as an independent marker for host cell repair processes in different lymphoid cells and as a marker for target size.
(This work was presented at the 77th Annual Meeting of the American Society for Microbiology, New Orleans, La., 8 to 13 May 1977) .
MATERIALS AND METHODS
Cells. We have recently described, in detail, techniques for preparation and culture of primary human and marmoset leukocytes, enriched in B lymphocytes after removal of T cell rosetting sheep erythrocytes (29) . Three continuous B lymphoid cell lines were employed. Raji, from a Burkitt lymphoma, contains the EBV genome (35) . EBV genome-free cells (BJAB) are also of Burkitt lymphoma origin (15) . This line was obtained from G. Klein, Karolinska Institute, Stockholm, Sweden, through the courtesy of Wilma Summers, Yale University, New Haven, Conn. The BJAB line has been converted into an EBV genome carrier line by exposure to the HR-1 strain of EBV (9) . The "B-1" subclone of BJAB/HR-1 with brilliant Epstein-Barr nuclear antigen (EBNA), the gift of H. zur Hausen, University of Freiburg, Freiburg, Germany, was used.
Virus. The B95-8 strain of EBV was cloned by limiting dilution transfornation of primary marmoset leukocytes (11) . Virus stocks with about 105 50% transforming units per ml were prepared from supernatant fluids of the transformed marmoset cell lines (21 (16) and kindly loaned by D. Rupp. One-milliliter portions of virus stock in spent culture medium were placed in 60-mm petri dishes. Exposures were done with gentle agitation to ensure uniform irradiation, and samples were kept on ice before and after irradiation. X rays (250 kV) were used at a dose rate of 4,000 rads per min. The X-irradiation source consisted of a Siemens therapeutic X-ray machine with no added filtration, and dosimetry was established by conversion of Fe21 to Fe3", measured by optical density. Virus stocks were subjected to X rays while frozen to minimize secondary damage due to free radical formation. Under these conditions, only the direct effect of X rays is expected.
Assays for EBV, EA, and EBNA. The transforming titers of virus were measured on human or marmoset lymphocytes with a microwell limiting dilution assay (11 (11) . The effect of graded UV irradiation on the survival of the transforming functions of the B95-8 virus is shown in Fig. 1 affect the inactivation curves. In both experiments, inactivation was more rapid on day 3 than on day 7, a finding compatible with some role of host cell repair of UV-damaged virus.
X-ray inactivation of transformation. We sought to complement UV-inactivation data with results obtained by inactivation with X irradiation. Not only do these two forms of irradiation inactivate biological material through different molecular mechanisms, but, as a further rationale, survival curves obtained by X irradiation are less influenced by host cell or photo-reactivation (19) . Identical X-ray survival curves ( Fig. 2) were obtained whether transformation was measured by [3H]dT incorporation or by titration of morphological changes in human or marmoset cells. In all three systems, the LD37 was 60,000 to 64,000 rads. No enhancement of transformation was seen at the X-ray doses employed.
The survival curves for both UV and X-ray inactivation showed one-hit kinetics; therefore it was doubtful that multiple virus particles were initiating transformation, even in marmoset cells, in which the ratio of virus added to the eventual number of transformants is high.
Virus production by marmoset cells transformed by irradiated virus. Cotton ( Table 2) . The majority of sublines tested resulted from exposure to virus treated with 1,500 ergs of UV irradiation. There was about a 75% reduction of transformation at this UV dose. All sublines, whether exposed to unirradiated, UVtreated, or X-irradiated virus, were producers of biologically active virus. The data indicate that transformation and the potential for replication of mature virus were inactivated in parallel.
Radiobiological (Fig. 3) . It was possible to do this experiment in the same line with and without the genome, since the BJAB line has a counterpart, designated BJAB/HR-1 clone B1, which was permanently converted to EBV-carrier status by means of superinfection with the HR-1 virus (9). Inactivation of the abortive infecting properties of HR-1 virus by UV light proceeded more rapidly in the genome-negative than in the genome-positive cell lines. In Raji cells, a slight increase (1.3-fold) in the number of EA-positive cells above the level seen with untreated virus was observed when HR-1 virus exposed to low doses of UV light (<250 ergs) was used. The LD37 for inactivation of HR-1 virus in the two genome-positive lines, about 8,000 ergs, was fivefold more than that measured in the genome-free BJAB cells.
A similar experiment was performed with HR-1 virus exposed to X rays. The results with X- 6 .4% in BJAB, and 10.3% in clone B1. irradiated virus were similar to those with UVtreated virus; namely, the ability of HR-1 virus to induce EA was more sensitive to inactivation by X ray when measured in the genome-negative BJAB line than when measured in its EBVconverted counterpart or in Raji (Fig. 4) The inactivation of HSV by UV light was identical in all three continuous lymphoid lines, regardless of the presence or absence of the EBV genome (Fig. 6) . The LD37 for IC formation was 150 to 200 ergs. At higher doses of UV irradiation, HSV was inactivated more slowly when assayed in Raji or BJAB cells; we have no ready explanation for this phenomenon. At low doses of UV irradiation, the inactivation of HSV was the same in all three lymphoid lines; therefore it did not seem likely that the presence or absence of the EBV genome influenced the ability of a cell line to repair or complement UV-induced damage in a superinfecting HSV genome. UV inactivation of HSV IC in primary leukocytes was similar to that in the lymphoid lines (LD37, 175 ergs). A UV survival curve for HSV determined directly by reduction of plaque formation on permissive cells (the Vero line of green monkey kidney) was identical to that obtained in the lymphoid cells.
Inactivation of HSV-1 by X irradiation was measured in an EBV genome-positive (Raji) and an EBV genome-negative (BJAB) cell line and in primary leukocytes (Fig. 7) . Identical LD37 of 60,000 rads was measured in all three cell systems. This is the same X-ray dose needed to inactivate transformation by EBV (14, 27) .
It might be argued that HSV is not an appropriate marker for host cell repair, since infection of lymphoid cells by HSV is abortive (e.g., see Fig. 5 (19) . Radiobiological inactivation of HSV was the same in lymphoid cells with and without the EBV genome. We conclude that primary lymphocytes, lymphoid lines, and the Vero tissue culture lines have similar host cell repair processes for radiodamaged herpesvirus. Therefore differences observed in the radiobiological inactivation of EBV were not due to differences in host cell repair.
HSV and B95 strain EBV had identical target sizes measured by X-ray inactivation; however, differences were encountered in the UV-inactivation curves ( Fig. 1 and 6 There is some evidence that the HR-1 virus stock is heterogeneous (9) . The process of EA induction by activation of the resident genome and expression of EA by the input genome might reside in different particles. Clues to the complexity of the EA induction process come from the finding that induction in Raji cells is enhanced by very low doses of UV light or X rays ( Fig. 3 and 4) . This suggests the existence of genes that inhibit EA induction.
The Why might the whole genome be necessary for transformation in the case of EBV? One explanation is that some portion of the viral DNA must replicate many copies to exert a "gene dose effect." Nearly all human lymphoid cell lines that have resulted from EBV transformation in vivo or in vitro have many genome copies (26) . A second possibility is a "polarity effect." If several genes were relevant to the transforming process and were also widely separate on the viral genome, damage anywhere on the genome might impair transformation. Some human lymphoid cells contain free, circular, nonintegrated EBV DNA (2) . If this is the usual state of the genome in cells transformed in vitro, the entire genome might be necessary to assume a particular circular configuration. A fourth possibility is that the entire genome is needed for DNA replication and segregation of genome progeny to daughter cells.
The radiobiological findings allow speculations on the future outcome of more sophisticated genetic analysis of transformation. If a "gene dose phenomenon" is the explanation for the necessity of the whole genome, then it may be possible to immortalize with a "transforming fragment" of EBV DNA, provided enough DNA is put into the cell. However, the other three hypotheses would predict that it will be unlikely that transformants with a single small fragment will be successful. It may be necessary to include fragments coding for DNA synthesizing processes. Furthermore, the experiments predict that EBV mutants that are deficient in viral DNA replication will also be transformation defective.
Virus-specific RNA homologous to only 5% of viral DNA is found on the polyribosomal fraction of nonproducer lymphoid cell lines (24) . Thus, expression of the entire viral genome, although it may be needed to initiate transformation, does not appear to be required to maintain the transformed state of the cells. 
